This study provides the sorption isotherm, its hysteresis and their mass transfer properties of four Central Africa Tropical woods widely used for building construction: frake (Terminalia Superba), lotofa (Sterculia Rhinopetala), sapele (Entandrophragma Cylindricum) and ayous (Triplochiton Scleroxylon). Characterization of these four species in particular and Central Africa tropical woods in general were necessary to develop conservation and treatment of wood after first transformation using the drying. Also, moisture transport on wooden material used such as wall buildings can be facilitating to found the thermal comfort. Measurements of isotherms were performed using a dynamic vapor sorption apparatus (Surface Measurement Systems) at 20 and 40°C with air relative humidity ranged from 0% to 90%. Mass diffusivity was determined in steady state using a specific vaporimeter.
INTRODUCTION
Tropical woods have economic and ecological importance, and it is important to optimize the exploitation of tropical forests. For example, Cameroonian forests have more than 300 wood species but only three species (sapele, ayous and azobe) represent almost 70% of the total production. In 2001, the volume ratio of rough timber of ayous exported from Cameroon represented almost 51% (ATIBT 2002) . Cameroon and Gabon have voted the laws which impose the first transformations of their tree species in each country. However, few transfer properties of Central Africa wood species have already been studied in the literature. Agoua (2001) and Zohoun et al. (2003) studied the mass diffusivity of the teck (Tectona grandis) from the southern Benin. Kouchade (2004) studied the mass diffusivity of doussie, movingui and ayous species. A good knowledge of the thermophysical properties of wood can help to efficiently use the woods and achieve maximum values. Additionally, a better knowledge of the material properties of these species is required to improve on their drying and propose new drying schedules, some conditions of preservation and moisture transport on wood and wooden material. That allows using in some numerical models developed in literature to predict the timber drying (Pang 2007 , Perré 2004 , Perré and Turner 1999 , Simo et al. 2010 , Simo et al. 2011 , Turner and Perré 1995 . In the building domain with wall made in wood, these parameters are most important to predict interior air quality, acoustic and thermal comfort, energetic bill and conservation of the frame.
The main objective of this paper is to provide a better knowledge of the mass transfers' properties of these tropical species. Characterization experiments are achieved in this work to provide: (1) their sorption isotherms, (2) the mass diffusion coefficients which define the mass flux in response to a concentration gradient, and (3) the gas (air) permeability which defines the mass flux in response to a pressure gradient.
The present work is performed on frake (Terminalia Superba), lotofa (Sterculia Rhinopetala), sapele (Entandrophragma Cylindricum) and ayous (Triplochiton Scleroxylon) . The four wood species for this experiment were classified into medium and low density using the classification taken from Benoit (2008) . The classification showed frake and ayous as low density wood, lotofa and sapele as medium density wood. These wood species came from Cameroonian forests. Before presenting and discussing our obtained results, we remind briefly the experimental methodology employed to reach the studied thermophysical parameters.
MATERIALS AND METHODS
All tests presented here have been done in the Studies and Research on Wood Material Laboratory (LERMAB) of University of Lorraine, localized in Epinal, France.
Material sampling
Specimens were collected from natural forests of Douala Cameroon and were prepared in the LERMAB. Basic densities of these samples taken from Simo (2014) are close to the average value given from the FCBA's and Cirad's data (Benoit 2008) . Board with dimensions 426x75x13mm was prepared and dried until moisture content reached 10% with an air relative humidity of 80% and a dry temperature of 65°C. Circular disks, as shown in Figure 1 , with a diameter close to 73 mm and with thickness in the diffusion transfer direction close to 13mm were cut from these boards ( Table  1) . These specimens were used to determine both the mass diffusion coefficient and air permeability. However, despite the care taken at the time of sampling, the annual ring orientations; viewed from the end, have a relative angle between the rings and the surface that changes along the thickness and also along the board's length. Additionally, lotofa's samples are a mixture between heartwood and sapwood and the samples of the other species are essentially constituted by the heartwood. The specimens used Characterization of sorption behavior ..: Simo et al. to determine the sorption isotherms were very fine wood-chips cut with a microtome blade to obtain samples on each board with dimensions approximately 1x0,5x2mm (Figure 1). Sampling collection is summarized in table 1. We have repeated each experiment on each specimen for confirmation. Thus, eight experiments have been done on each species. Comstock and Côté (1968) had used two or more specimens and average values were presented. Kouchade (2004) had determined the mass diffusion coefficients of African tropical woods using indirect method from electrical resistant measurements in unsteady state with thickness equal to 5mm reported according to radial and tangential directions in desorption and adsorption phase. He had used two to five specimens by species and orthotropic direction and average value is recorded. It is the first time to characterize the studied woods using described tests.
Figure1.
Wood samples used in this study and extraction of cylindrical forms.
Experimental device to determine mass diffusion coefficients
We have used an experimental set-up presented in figure 2. This set-up is formed by four principal elements: a computer, a cryostat, a climatic chamber and an electronic balance. The cryostat permits to regulate the temperature in the climatic chamber. The computer is used to record air relative humidity and air temperature during the experiment. In the climatic chamber, the electronic balance permits to weigh the mass adsorbed or desorbed by the sample at a chosen time intervals during the experiment. The climatic chamber used in this study was developed in the laboratory of ENGREF. The relative humidity is controlled through the temperature of a water film that flows at the bottom of the chamber, and electrical resistances heat the air flow at the top of the chamber. Two centrifugal fans and a water pump provide homogeneous conditions within the chamber. The drying parameters are maintained by a double loop PID controller connected to a personal computer. In the climatic chamber, air relative humidity is evaluated to 59% during the experiment. Figure 2 shows the climatic chamber and a detailed description of this device is given by Zohoun et al. (2003) , Agoua et al. (2001) and Rousset (1999) . Schematic illustration of the basic principle (Rousset 1999) .
Sorption analyzer
Isotherms were performed using a dynamic gravimetric water sorption analyzer ( Figure 3 ) from Surface Measurement Systems (DVS-Intrinsic). Comparing by traditional method where several months are necessary to obtain equilibrium state, this method permits to obtain equilibrium state in the short time in the range 0-95% RH. The sample was weighted using a digital microbalance (total capacity of 1 g; noise < 1µg). For this test, each sample had an initial mass of approximately 10 mg. The sorption cycles applied in this work started from zero percent relative humidity (RH) and the temperatures were 20°C and 40°C, respectively. Samples were maintained at a constant RH level until the weight change per minute (dm/dt) value reached 0,0005% per minute ( Figure 4 ). This rate value is more severe than that used in previous works. For example, Hill et al. (2009) fixed a dm/dt of 0,002% per minute and attested that using this value permits to obtain a sample moisture content within less that 0,1% of the equilibrium value at extended time. The raw DVS data was first analyzed using the DVS Standard Analysis System. This software permits construction of sorption isotherms and hysteresis curves. For all samples, equilibrium moisture content values were determined using the last fifteen data of each plateau. For a more detailed description of DVS System, see Surface Measurement Systems (2015).
Applying Hailwood-Horrobin (HH) model on envelope curves
The HH model (eq.1) (Hailwood-Horrobin 1946) is most used since 1970s to describe the sorption isotherms of wood (Mantanis and Papadopoulos 2010 , Olek et al. 2013 , Simpson 1973 , Simpson 1980 .
The simplified equation of this model is used in this work to describe the envelope curves (air relative humidity ranged from 0% to 90%). The HH sorption model is based on the assumption that the sorbed water exists as a simple solution and as hydrate of the wood. The HH-model assumes further that the sorbed layer which consists of no hydrated, hydrated wood and of free liquid water forms an ideal solid solution (Popper et al. 2009 ). The measured sorption isotherm is plotted as RH/X against RH as it was proposed in several works such as Time (1998) . The obtained parabola is then fitted to the plotted points and the values of the empirical constants A, B and C are calculated using linear regression techniques.
With: b=Ad for adsorption and b=De for desorption curves. RH is the relative humidity (-), X is the equilibrium moisture content (kg of water/kg of oven-dry material). A, B and C are the shape factors.
Mass diffusion coefficient measurement The cup method
The water vapor diffusivity of wood samples was measured under the steady-state condition (Agoua et. al. 2001) . The vaporimeters are used in these experiments and are based on the PVC-CHA system. Several cups were filled with a NaCl solution for desorption phase, providing a RH of 75% (at 33,5°C) (detail in Figure 5 and 6). Agoua et al. (2001) , Mouchot et al. (2006) and Rousset et al. (2004) give more details about this device. In the case of adsorption phase, Silica gel solution is used providing a RH of 0% at 33,5°C. The cups with attached 13 mm-thick samples were then placed in a conditioning chamber (RH=59%, T=33,5°C). The cups were weighed two times by day when a constant slop was reached. After10 days, when a steady-state condition was reached, the cup weight loss (and gain) was plotted in function of the time. In fact, the steady-state condition was determined by the daily measurements of the cup weight. 
Identification of the mass diffusion coefficient
The water vapor flux through the wood sample (kg.s -1 m -2 ) was calculated from equation 2a .
Where f is dimensionless diffusion coefficient through the wood samples, ρ v is water vapor density (kg.m -3 ). D v is the binary diffusion coefficient of vapor in air (m 2 /s) and is expressed by equation 2b.
T is the air temperature (K) and P the air pressure (Pa).
In the case of steady state, the dimensionless diffusivity, defined by the ratio between the vapour diffusion into the product and the diffusivity of water vapour in air, is introduced by Agoua et al. (2001) and is experimentally expressed as follow (Gholamiyan et al. 2012) :
Where Q is the measured mass flow (kg.s -1 ) represented by the slope of gain mass(kg) versus time (s) for adsorption phase, or the slope of loss mass (kg) versus time (s) for desorption phase, S the transversal section of the sample (m²), M v the molar mass of vapour (kg.mol -1 ), RH the relative humidity (-), T the temperature (K), R the ideal gas constant (J.mol -1 .K -1 ),  the thickness of the sample (m), P vs the saturated vapour pressure (Pa). | | is the absolute value symbol.
A correction of the exp f value has been taken in order to integrate the mass transfer resistance of the air volume included between the sample and the salt solution. The corrected dimensionless diffusivity can be obtained with the following expression (Zohoun et al. 2003) :
Where e a is the distance between sample and salt solution,  the sample thickness. Thus, mass diffusion coefficient is given by Zohoun et al. (2003) and is expressed as follow:
ρ H is the density (kg.m -3 ) of specimen studied equilibrium state. Simo (2014) has experimentally obtained (in kg/m 3 ) 471,8; 741,4; 456,2 and 791,9 for ayous, sapele, frake and lotofa respectively. | x 2 -x 1 | and | p v2 -p v1 | are absolute values of the differences of equilibrium water content and vapor of pressure respectively between inside and outside positions of the PVC-CHA. When NaCl solution is used, air relative humidity in each cup (75%) is higher than air relative humidity in the climatic chamber (59%) and during experiments, the vapor passed from the cup to climatic chamber and loss mass is observed. When silica gel is used, air relative humidity in each cup (0%) is lower than the one in the climatic chamber (59%) and during experiments, the vapor passed from the climatic chamber to the cup and gain mass is observed.
Gas permeability measurement
The system Alu-Cha developed in Agoua (2001) and presented in figure 7a is capable to measure the air permeability through the sample. A constant air pressure difference is applied between the two faces of the sample. A mass flow meter estimates the gas flux passing through the sample. In order to ensure air tightness, a pressure of 0,2 MPa press a rubber joint against the lateral faces of the sample during the measurement. The air permeability is calculated using Darcy's law (equation 5) such as in Comstock and Côté (1968) . Thus, the measurement was carried out by applying a controlled and constant pressure difference (∆P) between two faces of the specimen and then measuring the corresponding air flux (Q L ) Gas permeability was performed using a circuit presented in Figure 7b and 7c. Plotting DP versus Q L , we must obtain a straight line passing through the origin whose slope allows estimating K using equation 5. Typically, four or five points of constant pressure difference are taken between 50 and 1000 mbar.
RESULTS AND DISCUSSION

Isotherms of sorption
The experimental sorption isotherms of the studied species are presented in the Figure 8 through 11. They present a sigmoid form which is characterized by a combination of hydrated water (monolayer of water molecules) and dissolved water (multilayer of water molecules). The shape of sorption isotherm curves is typical for wood as it was also observed by Alix et al. (2009 ), Engelund et al. (2010 , Fernàndez et al. (2014) , Jalaludin et al. (2009 ), Jannot (2008 , Schmid and Naderi (2010) and Tekleyohannes (1995) . At a given air relative humidity, when temperature increases, equilibrium water content decreases. The effect of the temperature on the sorption isotherms is quite low. The results also conform to those of Björk and Rasmuson (1995) obtained at 140°C and 160°C. But the sorption isotherms presented in the literature and obtained on some tropical woods indicate a slightly higher effect of temperature (Beguide and Simo 2005, Jannot et al.2006) . According to Time (1998) and Björk and Rasmuson (1995) , the contents of extractive, cellulose, hemicelluloses and lignin of studied woods are different than those of tropical woods studied in the literature and cited above. At a given relative humidity, equilibrium moisture content is higher during desorption than adsorption phase. The sorption hysteresis of studies woods get closer when air temperature increases, the maximum value is reached at a relative humidity of 60% ( Figure 12 ).
: frake, lotofa, sapele and ayous.
. Tables 2 and 3 present the identified parameters of HH model of our wood specimen respectively at 20°C and 40°C. The curves and the experimental points are in the close agreement. The HH model seems to explain plausibly the sorption isotherms. The correlation coefficients (R 2 ) are close to 1 for all the fitted curves. Figure 13 shows experimental and predicted adsorption and desorption isotherms applied on sapele at 40°C and lotofa at 20°C. 3,929 10,420 10,740 0,999 3,352 5,115 3,912 0,957 
Mass coefficient diffusion and Gas permeability
Figures 14 through 17 show the evolution of mass loss over time of each species when NaCl is used. We have obtained that the mass loss linearly increases with the time and it is in agreement with the results obtained by Agoua et al. (2001) , Mouchot et al. (2006) , Redman et al. (2012) and Rousset et al. (2004) . We point out that for each species; two repetitions per sample were made. Each curve of these Figures (Figure 14-17) and Figure 18 corresponds to an independent experiment. As can be seen, only Figure 16 and 17 on lotofa and sapele woods respectively present a low variation of the slope. Note that for each species, all the samples are cut from the same longitudinal generatrix. Despite this care to limit the effect of wood variability the boards of ayous ( Figure 14 ) and frake ( Figure 15 ) may have mixed the sawing pattern along the board length. Therefore, the characterized transverse direction may have changed between the repetitions.
. Figure 14 . Mass loss versus time (NaCl, ayous). Figure 15 . Mass loss versus time (NaCl, frake). Figure 18 presents the evolution of gain mass versus the time when silica gel is used. We can notice that, the vapor flux is low in the case of lotofa and sapele (higher density) and high in the case of frake and ayous (lower density). Table 4 presents the measured diffusion coefficients of specimens tested. It is clear that the mass diffusivities are greater when it was measured with the "wet cup" (at higher moisture content) than with the dry cup (at lower moisture content).When NaCl is used, ayous gives the highest mass diffusivity coefficients in the order of 10 -10 m 2 /s and the least is lotofa in the order of 10 -11 m 2 /s. When silica gel is used, mass diffusivity coefficients of all studied species are in the order 10 -11 m 2 /s. The mass diffusivities through lotofa and sapele are very close and markedly lower than the ayous and frake samples. The last species should have a relatively high drying rate. The f correted values for studied woods are presented in Table 4 . In desorption, the obtained values on ayous and frake are expected range of f correted for temperate woods (from 10 −2 to 10 −1 (Agoua 2001) ). We report however that the values of the standard deviations are quite compatible with the values reported in the literature using the experimental device of the vaporimeter (Agoua 2001 , Kouchade 2004 , Mouchot et al. 2006 . For example, the results obtained by Kouchade (2004) are presented in Table 5 . Such as Kouchade (2004) , we observed that the samples taken side by side can present a great variety on their values of thermophysical properties. Effectively, heterogeneity of each species in the same log and between different logs of the same species causes the variations of obtained values. F4 (Sili) * 4,705 0,37 --39,19 SS : NaCl ; Sili : Silica gel ; Sa : sapele ; Si : lotofa ; Ay : ayous ; F : frake. Adsorption( * ) ; Desorption( + ).SD: Standard deviation Table 5 . Published mass diffusivity of tropical woods in the tangential (T) and radial (R) directions using indirect method from electrical resistance measurement in unsteady state with thickness equal to 5mm (Kouchade 2004 Values in the brackets represent the standard deviations.
Characterization of sorption behavior ..: Simo et al. Figure 19 shows that mass diffusivity of our woods decreases exponentially when basal density of wood increases. Basal densities used are taken from Simo (2014) . In the same experimental condition (steady state), this relationship is an advantage to estimate the value of unknown mass diffusivity of wood when their basal density is given. Figure 19 . Evolution of mass coefficient diffusion with the basal density. Table 6 gives the mass diffusivity and the air permeability measured on Australian hardwood samples by Redman et al. (2012) and on temperate samples by Agoua and Perré (2010) . The authors of these results don't specify the part of the sample in the log (heartwood or sapwood). We can notice that our species are most permeable than those of Australian woods and less than those of temperate woods. Concerning the mass diffusivity, the obtained values with our tested species are higher than those of Australian woods. Sapele and lotofa have mass diffusivities lower than those of temperate woods, on the contrary to ayous and frake woods. Agoua and Perré (2010) Concerning the air permeability, we plotted in Figure 20 the results for the samples F1, Si1, Ay24, Sa4 and we see that the relation (5) is quite well verified. Similar results are obtained for all samples and it is in agreement with the results obtained by Redman et al. (2012) . We can notice here that it is difficult to find a relationship between the air permeability and the density (or mass diffusivity). The permeability of frake is higher than the three others species. The obtained air permeability and standard deviations are compatible with those presented by Agoua (2001) . The observed differences are probably due to the heterogeneity of the samples taken along the same board. Previous studies on the effect of vessel properties on permeability reported the positive effect of vessel size and frequency, the great negative effect of vessel with tyloses on permeability in different species (Booker 1977 , Taghiyari et al. 2014 . Thus along studied direction, the size and frequency of vessel are probably higher on frake than the others studied wood or/and frake has less tyloses along vessel than the others. According to Taghiyari et al. (2014) , the parts of log (heartwood and sapwood) also influence the obtained results.
The list of values depicted in
CONCLUSIONS
Characterization of sorption isotherm, mass diffusivity (in the steady state) and air permeability were achieved for four Central Africa tropical woods. Results on studied woods show that:
Relative humidity most affects equilibrium states than temperature and the increasing of temperature reduced the magnitude of hysteresis of sorption.
At a given temperature, Hailwood-Horrobin model's (1946) can be used to describe nicely their sorption isotherms, as well as adsorption than desorption. The model parameters are given for the four species of this work.
The air permeability was in the order 10 -17 m 2 . These values are compared to those obtained in the literature for some Australian hardwoods and for some temperate woods.
It is difficult to find a comprehensive relation between the air permeability, the density and the mass diffusivity.
In desorption phase, the mass diffusivity was in the order 10 -11 m 2 /s for sapele and lotofa and in the order 10 -10 m 2 /s for frake and ayous.
In adsorption phase, the mass diffusivities were lower than those obtained in desorption phase and for all studied woods, these mass diffusivities was in the order 10 -11 m 2 /s.
Comparing to the temperate woods, the low diffusion coefficient of Central Africa woods like sapele and lotofa implied a slow drying rate.
The obtained air permeability and mass diffusivity on the samples taken along the same board present some differences probably due to the heterogeneity of each species.
The mass diffusivity is well correlated with the basal density by an exponential function.
The results obtained in this study have provided valuable information on the mass transfer properties of some Central Africa woods. These values can be used to promote the use of these woods and to improve their drying process with a comprehensive drying model. Some further works have to be performed to complete this study: (i) Extend the sampling to different trees to appreciate more correctly the variability of these parameters, (ii) The sawing pattern of the samples have to be made with the greatest care for characterizing the mass transfer properties according to the different material directions, (iii) For the mass diffusivities, it is also necessary to plan some measurements in variable wood moisture range in order to specify the possible variation of the diffusivities versus wood moisture.
